Gas phase pressure effects on the apparent thermal conductivity of a JSC-1A/air mixture have been experimentally investigated under steady state thermal conditions from 10 kPa to 100 kPa. The result showed that apparent thermal conductivity of the JSC-1A/air mixture decreased when pressure was lowered to 80 kPa. At 10 kPa, the conductivity decreased to 0.145 W/m/ o C, which is significantly lower than 0.196 W/m/ o C at 100 kPa. This finding is consistent with the results of previous researchers. The reduction of the apparent thermal conductivity at low pressures is ascribed to the Knudsen effect. Since the characteristic length of the void space in bulk JSC-1A varies over a wide range, both the Knudsen regime and continuum regime can coexist in the pore space. The volume ratio of the two regimes varies with pressure. Thus, as gas pressure decreases, the gas volume controlled by Knudsen regime increases. Under Knudsen regime the resistance to the heat flow is higher than that in the continuum regime, resulting in the observed pressure dependency of the apparent thermal conductivity.
any current concepts for In Situ Resource Utilization (ISRU) on the Moon or Mars involve extraction of resources from the local ground material (regolith). Chemical reaction processes are used to target bound water and oxygen. These are typically endothermic reactions, such as hydrogen reduction, which require temperatures in excess of 1000 o C. Energy management and efficient system design are critical at these remote locations and require knowledge of local material properties. JSC-1A lunar soil simulant is being used to develop these reactor systems, but its thermal properties have not been reported in the operating conditions of interest. The current research aims to explore these properties to enable accurate system design and analytical modeling efforts.
When dealing with granular materials, a local thermal equilibrium is often assumed if neither the temporal nor spatial temperature changes are rapid. Thus, the heat transfer problem can be formulated based on a control volume which is much larger than the size of individual solid particles and the representative pore size. Consequently, the granular material can be considered as a single phase composite material with a unified temperature field for the joined solid phase and fluid phase. The apparent thermal conductivity of the composite system is defined as follows.
where k a is the apparent thermal conductivity of the mixture of the simulant and the air, T the bulk temperature of both solid phase and gas phase, and the combined heat flux from both solid and gas phases. Note that although Eq. (1) has the same form as Fourier's law, the two are fundamentally different. The thermal conductivity defined by Fourier's law is an intrinsic property of the material, whereas k a , is not. In most applications the heat transfer in porous media is dominated by conduction; radiation is not important at low temperatures or low temperature gradients and convection is not important unless there is a strong forced convection. [1] [2] [3] The objective of current work is to experimentally study the influence of gas phase pressure, below ambient pressures, on the apparent thermal conductivity of a JSC-1A/air system. Gas phase pressure effects on apparent thermal conductivity have been studied extensively in the past, both experimentally and theoretically. [4] [5] [6] [7] [8] [9] [10] [11] All experimental data show similar S-shaped curves when the apparent thermal conductivity is plotted against the gas phase pressure on a log-log scale. At zero gas pressure, i.e., under vacuum, the apparent thermal conductivity has a lowest value, then increases with pressure and finally approaches another constant.
The pressure dependency of the apparent thermal conductivity is attributed to the Knudsen effect, characterized by the Knudsen number (Kn), which is defined as the ratio of the mean free path of gas molecules, λ, to the characteristic length, L, between two solid walls that confine the gas: Kn = λ/L. In the Knudsen regime, Kn 1, the gas phase can no longer be considered as a continuum. Temperature, in this case, is discontinuous between the gas and solid phases, and within the gas phase itself the Fourier law no longer holds. In a porous medium formed by loose particles, such as the JSC-1A/air system, the distances between the surfaces of two adjacent particles become diminishingly small before two surfaces contact each other. Therefore, under a given pressure, certain areas near those contact points will enter the Knudsen regime. As pressure decreases, the areas that change from continuum regime to Knudsen regime expand. This causes the apparent thermal conductivity to decrease with the gas phase pressure. The nature of this phenomenon is dependent on the geometry of the void space in the porous media, which is highly variable and difficult to model. Thus, it is difficult to predict exactly how the conductivity changes with pressure. Most existing models are based on simple, symmetric geometries, which have limited application to materials such as JSC-1A. However, the trend indicates that the Knudsen regime (and thus the thermal conductivity decrease) begins at higher pressures for smaller particle sizes. For practical application, information about pressure effects on the apparent thermal conductivity for a specific material can only be studied experimentally.
II. Experimental Setup and Test Procedures
The overall arrangement of the experimental setup is shown in Fig. 1 . The test cell was designed and fabricated at NASA Glenn Research Center. The design of this apparatus permits temperature measurements in multiple locations within the sand bed, contrary to previous conductivity measurements which only measured temperatures at the boundary points of the tested material. [12] [13] [14] [15] This apparatus can also be operated at higher temperatures and at pressures lower than ambient. One of the primary design goals for the test apparatus was to establish a onedimensional, axisymmetric thermal field in the tested material. Previous investigations have shown that the apparent thermal conductivity of JSC-1A is very low, on the order of 0.2 W/m/ o C. [12] [13] [14] [15] A cylindrical geometry is more suitable for low conductivity measurements than a one-dimensional Cartesian arrangement because the latter relies on perfect insulation on the lateral surface, which is difficult to accomplish. The difficulty with the cylindrical geometry is the heat loss through both ends (bed surface and base), referred to as end effects. But, this can be mitigated by employing a large aspect ratio in the cylinder design.
The entire test cell is sealed for testing at sub-atmospheric pressures. A 57 liter buffer tank in the vacuum pump line stabilizes the pressure in the test cell. Other devices in Fig. 1 include two Tektronix PS280 DC power supply units with adjustable output voltage, the pressure transducer, the data logging boards and a laptop computer. The The JSC-1A sand under test is confined in the middle portion of the test cell by a quartz tube. The inner and outer diameters of the tube are 51.87 mm and 58.17 mm, respectively, and its length is 300 mm. Three supporting rods mounted on the base plus an upper plate form a frame accommodating ten Type K thermocouple (TC) wires and the electrical heater ( Figure 2 ). The custom-built thermocouples are made of 0.2 mm diameter Chromel and Alumel wires, precision laser welded such that the TC junction has nearly the same diameter as the wires. The small junction size ensures more precise temperature readings. From each junction, the two wires run in opposite directions. All the negative wires (Nickel-Aluminum) go downward and positive wires (Nickel-Chromium) go upward. These wires are fixed at, and electrically insulated from, the top and bottom plates that support them. Figure  3 shows the locations of these thermocouple junctions. To facilitate verification of the one-dimensionality of the temperature field, the TC junctions were distributed in a 3-D space. Five thermocouples, TC1, TC3, TC5, TC6 and the TC in the heater, are placed along the same radial line, whereas the other six TCs are placed either at different azimuthal or axial locations. Table 1 , below, lists the coordinates of each TC junction.
Table 1. Coordinates of all TC junctions measured form high resolution photos
Htr . TC TC6  TC5  TC4  TC3  TC2  TC1  TC8  TC7  TC9  TC10  r, Fig. 3 ) **The locations of the embedded TC in the heater are estimated.
A custom-designed Watlow cartridge heater, model WAT-EGA-12515, is located in the center of the test section. It has dimensions of 6.35 mm ID and 152.4 mm in length, rated at 400 watts with a 240 V input, and has an imbedded Type K thermocouple in the middle of the heated length. The heater sheath is made of Incoloy® which can be operated at 760 o C max. According to the manufacturer, the heating wire is evenly coiled inside the heater. Thus, the heat generated per unit length should be uniform if the resistivity of the heating wire is constant. However, resistivity is a function of temperature and the temperatures are lower at the ends of the heater due to end-effects. The extent of this non-uniformity can be assessed based on the thermal coefficient of the resistivity of the heating wire. In this case, the wire is made of a nickel-chromium alloy with a thermal coefficient of resistivity to be 0.00015/ o C. Therefore, even if the temperatures at the two ends were lower by as much as 50 o C, the variation in the heat flux would still be negligible. This justifies the assumption of a uniform heat flux over the heated length of the heater. Once the total power to the heater is known, the heat flux can be obtained easily, which is important to the calculation of the apparent thermal conductivity.
A total of 418 grams of JSC-1A lunar soil simulant was loaded into the test cell through the port on the upper plate ( Fig. 2) . During the filling process, the quartz tube was gently tapped to prevent cavities from forming in the sand bed. The height of the sand column in the test cell was 125 mm, which gives a 5:1 ratio of height to radius of the sand bed. This large aspect ratio is important in minimizing the end effects so that a one-dimensional temperature distribution can be achieved. The bulk volume of the sand was estimated to be 248.18 cm 3 by subtracting the volumes of the heater and the three supporting rods from the inner volume of the quartz tube. The corresponding bulk density of the sand is 1.684 g/cm 3 .
III. Results
Results of 23 tests are reported in this paper. These tests were performed under 4 different nominal gas phase pressures: 100 kPa, 75 kPa, 25 kPa and 10 kPa. The gas phase was the ambient, room air. Under each nominal gas pressure, five to six tests were performed with various heater powers, thus heat fluxes at heater surface. Heater temperature was maintained below 700 o C, allowing a 60 o C safety margin of the heater. Each test lasted 4 to 5 hours to ensure the temperature distribution reached steady state. The steady state temperatures were determined by averaging the last 100 data points (~ 6 minutes) of the test. Under the steady state, the standard deviation of the 100 data points of each run from each thermocouple was less than 0.25 o C. Figure 4 presents temperature distributions of a group of six tests under the same nominal pressure, 100 kPa, but six different heater power levels. Similar plots were made for all pressure conditions. The symbols indicate the measured temperatures from all eleven thermocouples, including the one inside the heater. Note that two thermocouples were located at a radial distance of 9 mm so that they are not distinctly separate in Fig 4. However, these two thermocouples are located at different azimuthal planes, suggesting that the temperature field is axisymmetric. More detailed verification of the one-dimensional temperature distribution in this apparatus can be found in Ref. 3 . The one-dimensional temperature field assumption is important because it is the basis for the subsequent data reduction to obtain the apparent thermal conductivity.
The temperature distribution of each test can be modeled by a logarithmic function, as represented by the solid lines in Figure 4 . This is true not only for the six tests shown in Fig. 4 , but for all tests.
(2)
The heater power level, the gas phase pressure, the resulting regression coefficients (A and B) , the coefficient of determination (R 2 ), and two derived parameters: the apparent thermal conductivity and the average temperature, T a , of all 23 tests are listed in Table 2 . The coefficient of determination indicates how well Eq. (2) models the temperature distribution, with 1 being a perfect model. All R 2 values are very close to one, indicating that the data is well modeled. In Table 2 , tests are divided into four groups designated by the first letter of the test ID. In group A, 
IV. Discussion
For the 1-D axisymmetric test cell, the steady state temperature distribution can be described by the following equation.
where Q is the total heat flow passing through the cylindrical surface with radius of r and a length of l, which is the length of the heater in this case. Substituting Eq. (2) into Eq. (3) yields (4) At steady state, the total heat flow passing through all cylindrical surfaces concentric to the centerline of the test cell must be equal to the electric heater power. Thus, Q in Eq. (4) is a constant independent of r. Based on the values of Q and coefficient A in Table 2 , the corresponding apparent thermal conductivity of each test, k a , can be calculated. This result is also listed in Table 2 . Because the values of Q and A are unique for each test, the value of k a must be constant for each test at different radial locations. Since each test covers a wide temperature range from the heater to the inner wall of the quartz tube, the value of k a must be independent of temperature.
However, the values of k a in Table 2 appear to depend on both heater power and gas phase pressure. The pressure dependence is apparent between the four groups, but does not correlate to small pressure variations within the same group. The dependence on heater power is contradictory to the above conclusion that k a is independent of temperature. This phenomenon has been investigated in detail in a previous publication and was attributed to the effects of thermal stress. 3 The average temperature of the soil increases with heater power, resulting in higher thermal stress within the test cell. The quartz tube expands very little because of very low thermal expansion coefficient and low temperature in the test. Thus, the thermal expansion in the soil is contained by a nearly rigid wall and results in larger contact area between adjacent particles and thus higher apparent thermal conductivity. It can be shown that the thermal stress in the test cell increases linearly with the volumetric average temperature in the test cell. For this particular test cell, the volumetric average temperature can be calculated based on the temperature profile of Eq. (2) and, the radii of the heater and the inner surface of the quartz tube. The results show that the average temperature is related to the regression coefficients A and B in Table 2 , as shown in Eq. (5) . More detailed derivation can be found in Ref. 3 . The apparent thermal conductivity under stress-free condition can be obtained by evaluating k a -T a correlation at T a = 20 o C. The apparent thermal conductivities of different pressure groups are compared under the same stress-free condition.
The average temperature, T a , of each test is also listed in Table 2 . Figure 5 shows correlation between the apparent thermal conductivity and average temperature of tests in each pressure group. The symbols indicate the pressure group, whereas the solid lines are regression fits. Each line can be expressed with a linear equation between k a and T a .
where M and N are regression coefficients for each group. Table 3 lists the coefficients M, N, and R 2 , as well as pressure data of the four groups of tests in this study. It can be seen that all the four coefficients of determination, R 2 s, are very close to one, indicating Eq. 6 is indeed a good model for k a~Ta correlations. This model can be used to extrapolate the apparent thermal conductivity of the JSC-1A to a stress-free condition at 20 o C. To study gas phase pressure effect on the apparent thermal conductivity of JSC-1A, the conductivity values under stress free condition should be used. Figure 6 shows the correlation between the apparent thermal conductivity k a at 20 o C, i.e., under stress-free condition and the average measured gas phase pressures. The symbols indicate experimental data, whereas the solid line is the least-squares regression with a second order polynomial function as follows. 
where p is the absolute pressure of the interstitial gas (air). The coefficient of determination of this fit is R 2 = 0.995. It can be seen that the apparent thermal conductivity of JSC-1A/air system is affected by the interstitial air pressure significantly in the pressure range between 10 to 100 kPa (absolute). Note that the polynomial function presented here only applies to this pressure range. It should not be extrapolated on either side. When pressure is higher than 100 kPa, the apparent thermal conductivity is expected to approach a constant value. The behavior of the k a in the region of p < 10 kPa is unknown. Because of the limitation of the hardware, we were unable to collect experimental data under the pressures in this region. However, for real applications such as ISRU on Moon, the value of regolith thermal conductivity at 0 kPa is of interest. By extrapolating Eq. (6) to 0 kPa, we get 0.133W/m/ o C. But considering the fact that the k a vs. p curve has an S-shape 9, 11 , the slope of the curve should decrease when approaching 0 kPa from a higher pressure. Thus a number between 0.135 and 0.140 W/m/ o C is recommended to use as the value of k a under vacuum condition. 
